Abstract -This paper critically evaluates efficiencies of dc link soft-switching inverters suitable for motor drive applications. Three types of dc link soft-switching inverters, including actively clamped resonant dc link inverter, clamped-mode resonant pole inverter, and auxiliary switch commutated resonant pole inverter, were studied. Loss separation methods for evaluating soft-switching inverters were developed using a simplified device model. The developed methods were applied to a 50-kW induction motor and its associated inverters for efficiency evaluation under Werent speed and torque conditions. The evaluation results were then compared with those of the hard-switching pulsewidth-modulation (PWM) inverter. The clamped-mode softswitching inverter, although saving the switching losses, shows poorest efficiency because its resonant circuit associated circulation losses are very substantial. The actively clamped resonant dc link and auxiliary switch commutated inverters show the same level of substantial efficiency improvement over the hard switching P W M inverter. The actual energy saving, however, can be further improved by optimization of circuit components and selection of the inverter switching algorithm in actual implementations.
Introduction
The soft-switching inverter configuration can be ac link or dc link, zero voltage or zero current switching. Zerovoltage dc link soft switching inverters have received more attention because they do not need bidirectional or reverse blocking devices. There are two major types of zero-voltage dc link soft-switching inverters. One is the resonant dc link inverter which produces resonating voltage across the input of the inverter bridge, and the other is the resonant pole inverter which adds an auxiliary resonant branch for each inverter leg. The resonant dc link inverter provides a common zero voltage to all three phase-legs, while the resonant pole inverter produces zero voltages for individual phase-legs.
In general, the structure of the resonant dc link inverter is simpler than that of resonant pole inverters. However, the resonant dc link inverter restraints that all devices be switched on and off simultaneously. The resonant pole inverter, on the other hand, allows each phase to be independently modulated, thus achieving higher output resolution. In other words, to obtain the same level of output resolution, the resonant dc link inverter needs to be operated at a higher switching frequency.
When considering the inverter efficiency, one must be aware that not all the soft-switching inverters are more efficient than the traditional hard-switching sinusoidal pulsewidth-modulation (SPWM) inverters. A thorough analysis or hardware experiment is needed for efficiency evaluation. The purpose of this paper is to analytically evaluate efficiencies of potentially cost-effective soft-switching inverters, including actively clamped resonant dc link inverter (ACRDCL) [l] -
[3], clamped mode resonant pole inverter (CMRP) [4, 51 , and auxiliary switch commutated resonant pole (ASCRP) inverter [6, 71. The efficiency evaluation results are then compared with that of the hard-switching SPWM inverter.
In order to evaluate the inverter efficiency, one must have welldefined component models and inverter switching algorithms. Otherwise, an accurate evaluation can only be obtained by actual tests. However, by making some assumptions and s i m p l w g device models, the evaluation can be fairly applied to different inverter topologies, and a relative performance comparison can then be obtained.
For conduction loss evaluation, this paper simplifies the device model to a voltage source in series with a resistor, which is suitable for both Insulated Gate Bipolar Transistors (IGBTs) and diodes. For switching loss evaluation (only applicable to SPWM inverter), a cuve fitting technique is applied to find the selected dwice tum-on ,and turn-off models.
The efficiency consideration for motor drive applications is somewhat different from other loads because the load performs as a current filter, and the output power can be varied with either speed or torque. Under different speed and torque conditions, the motor current and power factor will be varied and affecting the inverter efficiency. The variation of power factor in an ac induction machine is more noticeable than that in permanent magnet machines. In order to study the efficiency over a wide speed range, the authors chose the ac induction machine for the inverter evaluation. Assuming that the motor is operated with a field-oriented control, the motor current and power factor can be determined under different speed and torque conditions. The inverter efficiency can then be evaluated accordingly.
The efficiency of the hard-switching SPWM inverter is calculated for the baseline comparison. Evaluation results show that the ACRDCL and ASCRP inverters have highest efficiency over the entire speed range, but the CMRP inverter has poorest efficiency because the circulating energies cause 0-7803-1859-5/94/$4.00 @ 1994 IEEE high conduction losses in the switching devices. The discrepancy gets worse in low speed regions.
Device Models

Conduction Loss Models
In soft-switching inverters, the main losses are due to conduction. The switchmg loss may be neglected in some cases. In order to determine the conduction loss, a simplified device model [SI is employed. This model assumes the device can be represented as a constant voltage drop in series with a nonlinear resistive element during conduction. According to an experimental measurement, this nonlinear element contains both resistive and inductive properties [9] . However, due to the complexity of the computation effort, this paper further simplifies the nonlinear element to a linear resistance in order to derive a closed form solution for the conduction loss. The model parameters are extracted from the manufacturer's data sheets. Using this simplified model may not precisely predict the actual inverter efficiency; however, the simplified model provides a reasonable estimation which is fair enough for comparison purpose. The simplified models for IGBT and diode are expressed in (1) and (2), respectively.
( 1) (2) Voltages V,, and Vak represent the on-state voltage drops of IGBT and diode, Vt and Vf are IGBT and diode voltage drops at zero current condition, R, and R, are the resistive elements of IGBT and diode, and I is the device current. The resistive elements in (1) and (2) are assumed to be linear for simplification of the analysis. Parameters VCe, V, , Rce, and R,, can be obtained from manufacturer's data sheets.
Switching Loss models
The efficiency evaluation of the hard-switching SPWM inverter requires switching loss model for the devices. There are three components in switching losses: IGBT turn-on, IGBT turn-off, and diode reverse recovery. Given a fixed dc bus voltage, the switch turn-on and turn-off energies can be represented by (3) and (4), respectively [8].
(4)
Parameters h, k, m, n can be derived from the measured data or the manufacturer's data sheet. The diode reverse recovery energy is a function of diode reverse recovery time and the device tum-on rise time [SI. based inverter) for the device conduction loss model, it needs some modifications when using IGBTs as the main devices. The modified loss separation method is described below.
Inverter Efficiency Evaluation Methods
Inverter switching device conduction losses (P,)
In the hard-switching SPWM inverter, the device conduction losses of the switching devices and their corresponding anti-parallel diodes are a function of the modulation index and power factor angle [8]. The modulation index is the ratio of the fmdamental output voltage and the based voltage. Assuming that the required inverter output to the motor is the same for both hard-switching SPWM and RDCL inverters, it is reasonable to apply the conduction loss model of the hard-switching SPWM inverter to the RDCL inverter. Equations ( 5 ) and (6) express conduction losses for one pair of the switching device and the anti-parallel diode, respectively [SI.
Actively Clamped Resonant DC Link Inverter
(ACRDCL) inverter. The resonant inductor, L , and capacitor, C,, produce a periodically resonating voltage swinging from 0 to a peak voltage which is typically higher than twice the supply voltage, Vd. With a clamp switch, Sc, and its antiparallel diode, the energy can be circulated to the Clamping Here, I, is the peak load current, m is the modulation index, and + is the motor input power factor angle. The calculated by pc=6 (p,,,+ pc-D), Inverter device switching loss (P,)
Since the active device turns on after the diode conducts, the device turn-on loss is practically zero. The only switching loss is the tum-off loss which is a function of the resonant capacitor, C,, and can be expressed in (7) [I] .
(1 z 2t
Here fr is the device turn-off fall time, and f, is the inverter switching frequency.
Clamp device conduction loss (Pc-cl) Assuming that the clamp circuit is controlled to have charge balance, and the charge rate is linear, the device conduction loss can be found by [ 11.
where k is the ratio of the resonant link voltage and the source voltage. The voltage drop, Vd, of the device, S,, can be obtained by taking the average of (1) and (2).
Clamp device switching loss (P, . , J The clamp device tum-on loss is zero because it turns on after diode is conducting. The only clamp device switching loss is the turn-off loss which can be obtained by
where L, is the resonant inductor [ 11.
Resonant circuit equivalent series resistance loss (Po> The resonant circuit equivalent series resistance (ESR) must be as small as possible to avoid loss of zero voltage crossing. Using Litz wire based air core inductor and polypropylene capacitor can obtain a reasonably low ESR. The ESR loss mainly comes from the inductor, and in most cases the capacitor loss can be neglected. The current in the resonant inductor contains both dc and ac components. The dc component is load dependent and can be obtained by Pi,IVs where Pim is the inverter output power plus main device losses, and V, is the dc bus voltage. The ac component has a peak value VIZr where 2, is the characteristic impedance of the resonant tank. The ESR loss can then be approximated by averaging the integration of ibzR, over one resonant cycle, where R, is the inductor ESR and iLr is the inductor current. Equation (10) shows the derivation result.
Gate drive power loss (Pg)
The gate drive power loss is a function of the gate input capacitance and the switching frequency. Based on the experimental results of the gate drive power supply at different frequencies and linear extrapolation, the total gate drive loss can be calculated by
where P, is the quiescent power of the gate drive circuit and Eg is the gate switching energy consumption. respectively. The resonant frequency should be much higher than the switching frequency in order to provide a wide duty cycle control. The loss separation can be summarized below.
Clamped Mode Resonant Pole Inverter
Device conduction loss (PJ
The conduction loss is a function of voltage drop, current, and duty cycle, all of which are functions of phase angle --8, power factor angle --4, and the device model described in the previous section. For a bridge inverter, each phase-leg consists of three lossy devices which are switching device, anti-parallel diode, and clamp diode. Representing the conduction loss as a function of the phase angle, the following equations express instantaneous conduction losses for the above-mentioned three devices. 
(18)
The total device conduction loss can then be obtained by e = 6(P,-, + P, D + E-DJ 1. 2. Device switching loss (PJ Although the turn-on loss is zero, the turn-off loss may not be completely eliminated. With a snubber capacitor across the device, the turn-off loss can be reduced to minimum and can be obtained from (7).
. Resonant inductor ESR loss (Po)
The resonant inductor has high frequency ac current on top of the low frequency ac load current. However, the high frequency portion is not 100 percent duty. By factoring in the duty ratio and averaging the integration of power loss over one fundamental cycle, the inductor ESR loss can be derived as:
where f, is the inverter switching frequency, and f , is the resonant frequency as defined in (12).
Gate drive power loss (P,) Equation (11) can be directly used for gate drive power loss calculation.
An Auxiliary Switch Commutated Resonant Pole
Inverter The auxiliary switch commutated resonant pole inverter implements zero voltage switching with three independent controllable resonant circuits as shown in Figure 4 . Three control switches, Sa, Sb, and S, are bidirectional switches. MOS Controlled Thyristors (MCTs) in parallel with reverse blocking diodes were used as the auxiliary switches because of their low forward voltage drop at high currents and capability of withstanding high surge currents. However, MCTs were not used as the main inverter switches because the off-the-shelf P-type devices are not suitable for the application requirement. Figure 4 : An auxiliary switch commutated resonant pole inverter. Assuming that the diode recovery losses in the resonant branches are negligible, the efficiency evaluation can be obtained by the loss separation approach as described below.
4.
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Inverter device conduction losses (P,)
Because the inverter can be operated as a standard SPWM inverter, the device conduction losses can be obtained from (5) and (6).
Inverter device switching loss (P,)
Similar to the resonant dc link and clamped mode resonant pole inverters, the only inverter switching loss is the tum-off loss which can be obtained from (7). Auxiliary switch conduction loss (P,-J The current flowing through the resonant switch is discrete high frequency half sinusoidal pulses. Its peak magnitude is approximately one per unit of the peak phase current higher than the low frequency phase current, and its duty cycle depends on the resonant pulse width and the switching frequency. Giving each phase resonant inductance, L,, and each device snubber capacitance, S,, the resonant pulse width, Tp, can be expressed below [7] .
2.
3.
The duty cycle of the auxiliary switch is to multiply Tp by the switching frequency, f,. The total device conduction loss can be obtained by averaging load current multiplying the auxiliary switch voltage drop and the duty cycle, or where 2, has the same expression as (13), and Vd-mr and V,, are the device conduction loss model shown in (2).
Resonant inductor ESR loss (PJ
The resonant inductor has the same duty cycle as the auxiliary switches but different power loss. Assuming that each inductor ESR is R,, the total ESR loss can be obtained by (25).
The Hard-Switching SPWM Inverter
The efficiency calculation method of the hard-switching SPWM inverter has been well defined in [ A stiff gate drive can be assumed to have unity stiffness factors.
The diode reverse recovery loss can be found by where f is the switching device turn-on rise time, and t,, is the diode reverse recovery time [XI.
Performance Comparison
Using the parameters listed in Appendices A and B, the efficiency of an induction motor and its associated inverters were evaluated. Figures 5-8 show the evaluation results for the above-mentioned inverters under different speed and torque, T,, conditions. All inverters were evaluated at 20 kHz switching frequency except that the ACRDCL inverter was evaluated at 50 kHz Switching frequency. The ACRDCL inverter requires higher frequency to achieve the same output performance because of its integral cycle pulse width modulation. For a 240-V ac line, or a 340-V dc bus system, the 600-V device should be sufficient for the example CMRP, ASCRP, and SPWM inverters. The authors thus chose the 600-V, 600-A IGBT module as the main device for the above three inverters. Based on the off-the-shelf devices, the model parameters for a typical 600-V, 600-A device are derived and listed in Appendix B. The conduction loss model for the ACRDCL inverter is slightly modified for a higher voltage (e.g., 900 V) device because the inverter peak voltage will exceed 600 V during regenerative operation. Table 1 compares the efficiency and losses for the abovementioned inverters at the rated speed and rated torque condition. Efficiencies of the hard-switching SPWM inverter switching at lower frequencies (10 and 15 kHz) and the ACRDCL inverter switching at 25 kHz inverters are also included. 
Discussions
Consider the efficiency profile of the 20 kHz SPWM inverter as the baseline. Both of the ACRDCL and the ASCRP inverters show noticeable efficiency improvement. At the rated speed and torque condition, both inverters show about 5 percent efficiency improvement over the hardswitching inverter. At low speeds (e.g., 500 rpm), the improvement ranges from 15 to 25 percent. At high speeds (e.g., 6000 rpm), the improvement is more than 5 percent.
The efficiency of the hard-switching inverter is improved significantly when reducing the switching frequency to 10 kHz or below. This efficiency improvement does not mean further frequency reduction is desirable because the problems associated with low switching frequency, like acoustic noises and torque ripples, are objectionable.
The efficiency profiles between ACRDCL and ASCRP inverters, however, show very little difference over the entire speed range. Without design optimization, it is difficult to conclude which inverter is more efficient. Even with optimized designs, the component selection in actual implementation can further alter the efficiency profiles.
The CMRP inverter, unfortunately, performs poorly in terms of efficiency consideration. For the same 20 kHz switching frequency, the CMRP inverter is 3 percent less efficient than the hard-switching inverter. At low speeds (e.g., 500 rpm), the CMRP inverter is about 10 to 15 percent less efficient. At high speeds (e.g., 6000 rpm), it is about 3 to 15 percent less efficient.
Conclusions
1. Both ACRDCL and ASCRP inverters show noticeable efficiency improvement at merent speeds and torques. The difference between these two inverters is too small to conclude which one is more efficient. However, the output of the ASCRP inverter can be better regulated because its phase legs are controlled independently.
2. Not all the soft-switching inverters are more efficient than the hard-switching inverter. The example CMRP inverter shows that the soft-switching inverter will be inefficient if there are circulation energy losses in the main devices.
3. Soft-switching inverters that are more efficient at the rated speed and rated torque, in general, are also more efficient at other speeds and torques. The efficiency improvement at low speeds and low torques can be more substantial because of low power factor effect. 4. The efficiency improvement may not be the only purpose of using soft-switching inverters. Other advantages like elimination or minimization of torque ripples, acoustic noises, and electromagnetic interference (EM) may be more beneficial. However, the energy saving associated cost penalty needs to be further justified for practical applications.
vt=1.5 v,=1
2.
Resonant Pole Components
Appendix C: Operation Modes of the Clamped Mode Resonant Pole Inverter
Using a single-phase full bridge circuit, the operation modes of the clamped mode resonant pole inverter can be explained in Figures C. 1 through C. 3. t Prepared by the Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-7280, managed by Martin M a r i e t t a Energy Systems, Inc.
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